BENCHMARKS
The enzyme mismatch cleavage (EMC) method for mutation detection uses a bacteriophage resolvase enzyme to cleave nonlinear DNA structures such as those caused by the presence of single base mismatches, insertions, and deletions (1) . T4 endonuclease VII has been used with great success in several studies, and more recently T7 endonuclease I (New England BioLabs, Beverly, MA, USA) has been shown to have similar properties (2) . The advantage of the EMC method is that the enzymes can recognize and cleave all eight types of single base mismatches (AA, TT, CC, GG, AG, TG, AC, and TC) plus the DNA bubble generated in the presence of an insertion or deletion (3). The two most commonly used EMC mutation detection and screening methods involve radionucleotide (4) and fluorescent labeling (5) . We desired a simple, inexpensive, rapid, sensitive, and accurate method for genetic screening. Here we report a simplified protocol that utilizes T7 endonuclease I and silver staining for visualization of the digest products upon electrophoresis on native polyacrylamide gels. We optimized the T7 endonuclease I digest with regard to temperature, units of enzyme, and time of digestion. We also experimented with the length of PCR product that could be successfully digested and the results clearly visualized using our chosen method, silver staining. The use of silver staining to avoid the use of radioactive materials allowed us to use general laboratory vertical electrophoresis apparatus, as found in most molecular biology laboratories. To check the accuracy and sensitivity of our method, we also performed singlestranded conformational polymorphism (SSCP) analysis on the same samples and sequenced any variants observed from the two methods. In addition, we analyzed the cost and time involved in each of the two methods.
We screened the PKD1 gene, mutations in which are responsible for the most common form of the autosomal dominant polycystic kidney disease, using DNA samples from clinically affected individuals. Because we were screening a gene with a dominant mode of inheritance, we did not anneal the test DNA with wild-type DNA, as we wished to identify only disease-causing mutations that would be present in a heterozygous state. However, this method can be adapted to allow the detection of both homozygous and heterozygous mismatches (3, 4) .
Long-range PCR products for exons 11-34 were designed and amplified, as previously described (6) . Nested PCR was performed using Taq Express DNA polymerase (Genetix, Hampshire, UK) with high purity salt free (HPSF ® )-purified oligonucleotide pairs designed for exons 11-34 (MWG Biotech UK Ltd., Milton Keynes, UK). PCR was performed on a PTC-100 ® Thermal Cycler (MJ Research, Waltham, MA, USA) in a 20-μL volume.
PCR products were assessed on a 2% agarose gel (Agarose LE; SigmaAldrich, Dorset, UK). These products were then digested with 2 U T7 endonuclease I using NEB buffer 4 (pH 7.9 at 25°C; New England BioLabs) in a final volume of 20 μL for 6 h at 37°C with a mineral oil overlay (optimized conditions). For visualization, the digested products were run with glycerol loading dye on a 1-mm thick 18 × 16 cm 12% nondenaturing acrylamide/bisacrylamide (3.3% of 30% acrylamide/ bis solution, 29:1; Bio-Rad Laboratories, Hercules, CA, USA) vertical electrophoresis gel in a cooled Hoefer ® SE600 electrophoresis apparatus (Amersham Biosciences, Piscataway, NJ, USA). The gel was then silver stained using the following protocol. The gel was fixed for 3 min in an aqueous solution of 10% ethanol and 0.5% acetic acid (both from Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany). The solution was changed and reincubated for an additional 3 min. The fixing solution was discarded and replaced with a 0.1% solution of silver nitrate (Sigma-Aldrich Chemie GmbH) for 15 min. This solution was removed and stored for reuse (this solution can be used approximately 5 times). The gel was then rapidly rinsed in two changes of distilled water and incubated with a 1.5% solution of sodium hydroxide and 0.1% formaldehyde (both from SigmaAldrich Chemie GmbH) for 20 min (note that this solution must be prepared immediately before use). The gel was then fixed in a final 0.75% solution of sodium carbonate (Sigma-Aldrich Chemie GmbH), sealed in a plastic bag, and scanned on a HP Scanjet 5470c scanner, and the grayscale image was digitized and stored as a JPEG file.
For SSCP analysis, PCR was performed using [α-33 P]dATP (Amersham Biosciences), which was included in the PCR mixture. The PCR products were heat-denatured and run on a 0.4 mm 6% nondenaturing acrylamide/bisacrylamide gel with or without 7% glycerol on a Hoefer SQ3 sequencing apparatus (Amersham Biosciences). Electrophoresis was performed at room temperature (approximately 22°C) and at 4°C. The gels were dried and exposed to X-Omat™ film (Eastman Kodak, Rochester, NY, USA) in the cold for 24 h and then developed.
Direct sequencing of the PCR products that showed alternative variants compared to the negative controls was performed using the CEQ™ 8000 DNA Analysis System (Beckman Coulter, Fullerton, CA, USA), according to the manufacturer's instructions.
The first experiment performed was to ascertain the optimum conditions for the digest of T7 endonuclease I. We experimented with the amount of enzyme (2, 5, 10 U/reaction), temperature (37° and 55°C), and the time of digest (3, Modification of the enzyme mismatch cleavage method using T7 endonuclease I and silver staining Richard James Mean 1 , Alkis Pierides 2 , C. Constantinou Deltas 1,3 , and Michael Koptides 4 6, and 18 h). The testing of several conditions for the T7 endonuclease I digestion resulted in the optimum conditions of 2 U of enzyme per 100 ng DNA in a 20-μL total volume with an oil overlay at 37°C for 6 h. Increasing the units of enzyme or temperature did not visibly increase cleavage. Increasing the length of time for digestion did not increase the intensity of the cleavage bands, but did increase the intensity of the background-nonspecific cleavage, which occurred irrespective of conditions. Digest conditions were optimized to enable a single set of conditions to be used for any size of PCR product up to the maximum tested size of 765 bp. We successfully detected mismatches in a variety of PCR-generated fragments ranging in size from 221-765 bp. During the course of this work, we tested for the presence of known mutations and polymorphisms in the PKD1 gene. These were single nucleotide substitutions, deletions, and insertions (Table 1) .
We were able to detect mismatches in fragments up to 765 bp, which are significantly longer than those used for screening with SSCP (7), thereby reducing the screening time compared to that of SSCP. We found that the position of the mismatch in the PCR product determines the visibility of the fragments on the gel. In the PCR product series consisting of exons 27 (457 bp), 27 and 28 (643 bp), and 27 to 29, inclusive (765 bp), the R3183X mutation was present in exon 27. This mutation is located at position 157 bp of the PCR products. Digestion of the 457-bp PCR product, which contains only the PKD1 exon 27, generated two fragments of 157 and 300 bp. These were easily resolved on the gel compared to the undigested product and the background bands. We were able to detect the presence of the mutation in the 643-and 765-bp fragments (Figure 1 ). This observation is in agreement with the results of others who have shown that fragments as long as 1 kb may be screened using conventional methods (8) . However, one must be aware of the gel resolution capacity because nucleotide substitutions located very close to the 5′ or 3′ end of the PCR product may result in large fragments not separated from the undigested products, while the smaller fragments may run off the gel. It is important to note that a negative control should be run on each gel for a comparison of the bands produced after cleavage, which allows for actual digest products to be differentiated from background bands. In many cases, the bands produced in the presence of a mismatch can occur at the same position as a background band, thus a system of rating the intensities of the bands such as that used by Youil et al. (3) can further aid in the identification of an actual mismatch.
Our adapted protocol for screening BENCHMARKS used T7 endonuclease I, followed by native polyacrylamide gel electrophoresis and silver staining. This proved to be a fast and financially accessible method that maintains higher sensitivity and specificity than SSCP, the most widely used screening technique (9) . Furthermore, this protocol has the advantage of detecting both fragments generated after digestion, whereas the protocol for radioactive or fluorescently end-labeled PCR products allows only the labeled product of digestion to be detected. The sensitivity of our modified EMC method is 96% and its specificity is 100% compared to the 88% sensitivity and 90% specificity of the SSCP method. Of 23 identified mutations and polymorphisms (Table 1) , all but one mismatch, C8157T in the PKD1 exon 21, were detected by the EMC method. By comparison, three nucleotide substitutions in two different exons (two in exon 16 and one in exon 27) were not detected by the SSCP method. The PKD1 exon 21 is located in a polypyrimidine tract consisting of 95% cytosine and thymine. It has been shown that such structures may form triple-strand conformation (10) . Distortions in DNA structure or high GC content may prevent the enzyme from binding to heteroduplexes and digesting them (11) .
Our EMC method provides a very cost-effective method when compared to SSCP. In our laboratory, the cost per sample per PCR product size up to 300 bp of SSCP was U.S. $2.00, whereas our EMC method was U.S. $0.66 per PCR product, size up to 800 bp. SSCP requires the use of radioactivity and the associated support facilities and should be performed under several temperature conditions or glycerol content to ensure maximum sensitivity, thereby adding to the cost (7) . By contrast, EMC with silver staining can be performed using standard laboratory apparatus in a laboratory environment, with a minimum number of steps. The results are visualized immediately, and the positions of the digest bands are an accurate indicator of the position of the mismatch in the PCR product, which cannot be accomplished by SSCP.
In conclusion, the EMC method performed as described here has higher sensitivity, specificity, is less time-consuming, and financially more accessible for mutation screening than the SSCP method. 
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